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TribologySurface texturing can be applied to improve tribological performance of mechanical contacts, in particular in
the case of lubricated systems. The purpose of this work was to improve an alternative method for surface
texturing based on electrochemical dissolution without previous masking of the workpiece named maskless
electrochemical texturing (MECT). Electrochemical dissolution combines high speed, good reproducibility
and high cost-beneﬁt ratio, which are important factors when an industrial application of surface texturing
is pursued. The use of electrical discharge machining (EDM) for the manufacturing of the MECT tools enabled
different microtexture patterns to be produced. The cathodic tool was an AISI 430 ferritic stainless steel plate
containing a pattern of microholes and covered with an insulating paint layer. The effect of important param-
eters such as the gap between electrodes, the applied voltage and the texturing time were evaluated. Differ-
ent texturing patterns containing dots, trace-dots and chevrons were successfully obtained using a NaCl
solution electrolyte. Tribological tests textured surfaces under starved liquid lubrication showed friction
and wear reduction, when compared with a smooth surface.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The controlled modiﬁcation of surface topography, creating a
uniform microrelief, known as surface microtexturing, may be used in
many areas of engineering, promoting beneﬁts such as improvement of
adhesion between surfaces, generation of superhydrophobic surfaces,
increase of light absorption, reduction of drag in aerodynamic applica-
tions, improvement of tribological properties, among others [1].
Surface texturing techniques for tribological purposes have been
intensively studied in the last 15 years. The microtexture can, in dry
sliding conditions, entrap wear debris and consequently reduce friction
and wear between contacting surfaces [2–4]. In lubricated sliding
conditions, the texture can, besides removing wear debris, act as
microreservoirs for lubricant [4,5], and increase contact hydrodynamic
pressure, consequently raising the load capacity of the component
[6,7]. For example, measurements of ﬁlm thickness showed a load
capacity increase of up to 10% for textured surfaces in hydrodynamic
regime when compared with smooth surfaces [6]. Rapoport et al. [8]Parreira),
H.L. Costa).
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rights reserved.evidenced a friction reduction of up to 40% in textured surfaces when
compared with non textured components.
However, despite intense investigation regarding the effects of sur-
face texturing under hydrodynamic and elastohydrodynamic lubrica-
tion conditions, where the contact is fully immersed in lubricant, less
information is found for starved lubrication conditions. Under starved
lubrication, the lubricantwhich passes through the contact and remains
on the out-of-contact tracks on the rubbing two bodies is not, of itself,
sufﬁcient to reﬁll the inlet. Within the inlet, all of the lubricant except
that which passes through the contact, will be pushed to the sides.
Some of this latter oil ﬂows back into the track, driven by surface ten-
sion, and the lubricant which thus returns provides the required inlet
reservoir [9].
In a recent paper, Mishra and Polycarpou [10] investigated the pos-
sibility of using surface texturing in air conditioning and refrigeration
compressors under realistic operating conditions of starved lubrication.
The textures were composed of regular arrays of pockets with diame-
ters varying between 40 and 60 μm. The authors found an increase in
scufﬁng life duration for all the textures investigated when compared
with untextured surfaces and also reduction in wear. The present
paper will investigate the role of surface texturing on the lubricant
replenishment at the contact inlet under starved lubrication conditions
using pocket diameters substantially larger than those used by Mishra
and Polycarpou [10].
Many techniques can be used to create microtextures in surfaces.
Costa et al. [11] have reviewed over 40 possible surface texturing
Table 1
Comparison of different surface texturing techniques.
Laser Photochemical Masked
electrochemical
Maskless
electrochemical
Previous treatment - - - - - -
Post treatment - - - - - - - - -
Speed - - - - - - - - -
Cost - - - - - -
Material - - - - - -
Tool Complexity - - -
Table 2
Test conditions.
Test Evaluated
parameter
Variable conditions Fixed conditions
1 Gap between
electrodes
500 μm, 250 μm,
200 μm, 100 μm, 50 μm.
Concentration=200 g/L
Flow=20 mL/s
Voltage=30 V
Time=30 s
Pattern = dots
2 Voltage
applied
10 V, 20 V, 30 V,
40 V, 50 V
Concentration=200 g/L
Flow=20 mL/s
Gap=100 μm
Time=30 s
Pattern = dots
3 Texturing
time
10 s, 20 s, 30 s,
60 s, 90 s, 120 s
Concentration=200 g/L
Flow=20 mL/s
Voltage=30 V
Gap=100 μm
Pattern = dots
4 Texture
pattern
Dots, dashed lines
with dots, chevrons.
Concentration=200 g/L
Flow=20 mL/s
Voltage=30 V
Gap=100 μm
Time=30 s
2 J.G. Parreira et al. / Surface & Coatings Technology 212 (2012) 1–13techniques. The methods were categorized according to their physical
principals into four main groups:
Adding material: the pattern features are created by addition of
material to the desired surface, creating small areas of relief.
Removing material: the features are created by removal of materi-
al of the surface, creating small depressions.
Moving material: the change in the surface structure is attribut-
able to plastic deformation and redistribution of material from
some parts of the surface to others.
Self-forming: since some researchers claim that once produced, a
surface texture may not have sufﬁcient mechanical resistance to
survive in highly loaded systems [12,13], wear-resistant regions
are formed on a surface, so that a texture develops through wear
of the surface, with the wear-resistant regions being left standing
above the surrounding material.
Major advances in microfabrication have driven the area of surface
texturing. In principle, the majority of the methods used in the micro-
electronics industry could be adapted to surface texturing. However,
many of these techniques are slow and expensive, which makes them
inappropriate to produce a large number of cheap components, espe-
cially when texturing of large areas is required. For these applications,Fig. 1. Scheme of the experimental apparatus.
a cb
Fig. 2. Scheme of the textures produced; (a) arrays of circular dots; (b) dashed lines
with dots; (c) arrays of chevrons.alternative texturing methods are needed, in order to make surface
texturing cost-effective.
This paper investigates the use of micro‐electrochemical machin-
ing to texture surfaces.
In electrochemical machining (ECM), metal dissolution allows the
shape of the tool to be copied onto the workpiece surface. The main
drawback with the usual techniques that use micro‐ECM to texture
surfaces is the need to mask each individual workpiece to be textured,
which adds cost and time to the process [14,15]. To overcome this
limitation, somework has focused on locating the electrical insulation
that localizes the machining action at the surface of the cathodic tool,
instead of applying a mask to each individual workpiece [16–18].
Costa and Hutchings [18] proposed a simple method for texturing
metallic surfaces by electrochemical machining, termed ‘maskless
electrochemical texturing’ (MECT). This technique can be regarded
as an adaptation of jet ECM [19,20] to texture surfaces. However, in
jet ECM, the process occurs at a single location, whereas MECT occurs
with complete wetting of the surface sample, leading to the machin-
ing of a large number of areas in parallel. For MECT, machining local-
ization is achieved with the use of a masked tool. This probably
reduces the accuracy of the process due to stray currents away from
the holes in the tool, but increases substantially the speed of theTable 3
Lubricant properties.
Commercial name SUNISO 3GS
Density at 20 °C, g/cm3 0.906
Viscosity at 40 °C, cP 25.91
Viscosity at 100 °C, cP 3.86
Flash temperature, °C 182
Ignition temperature, °C 190
Dielectric strength, kV 60
Table 4
Normal loads in tribological tests and respective Hertz calculations.
Normal load (N) Maximum contact pressure (MPa) Contact width (μm)
2.94 631 94.4
12.74 1029 153.8
51.94 1643 245.7
Fig. 3. Examples of wear scars positioned over rows of pockets for loads of 12.74 N
(above) and 51.94 N (below).
3J.G. Parreira et al. / Surface & Coatings Technology 212 (2012) 1–13texturing process, which is crucial for a more cost-effective use of sur-
face texturing in industrial applications.
The method allows a single cathode tool, in which the texture is in-
corporated through a pattern of perforations, to be used for many tex-
turing operations and avoids the need for masks to be applied to
individual workpieces. It therefore has signiﬁcant advantages over con-
ventional methods of texturing by electrochemical machining.
Initial trials were successful to texture carbon steel samples, where
current efﬁciencies of more than 90% were achieved [18]. During
these trial tests, the process was characterized in terms of the effects
of current pulse history and electrolyte ﬂushing conditions on current
efﬁciency, material removal rate and feature deﬁnition. The variables
explored were the machining time, the pulse length, the pressure of
the electrolyte and the separation between the polymer mask plate
and the workpiece, obtained with the use of spacers with different
thicknesses.
Table 1 summarizes the main limitations of some of the texturing
techniques cited above, where the cells ﬁlled with "---" indicate that
the parameter represents a limitation of the technique. For example,a b
d e
400 µm
200 µm
1 mm
Fig. 4. Examples of the use of EDM to machine the tool covers: (a) EDM tool with array of d
produced by EDM with array of chevrons; (d) MECT tool cover with array of dots before paMECT is only applicable for electricity conducting surfaces; therefore
“material” is a restriction of the process. It shows that the twomain lim-
itations of MECT are (i) material restriction, and (ii) the complexity of
the tool, although the tool could be used to texture many components
after it is produced, since tool damage is negligible. The apparatus
presented in this paper can only texture ﬂat surfaces, which could be
another limitation of the technique. However, it could be easily adapted
to texture other shapes. For that it could be used, for example,
conducting rubber as the material for an expandable electrode that
could conform to the desired shape using pumped air. On the other
hand, MECT is very cheap, fast and easy to operate.
In this paper, the texturing method developed by Costa and
Hutchings [18] has been further investigated.Micro‐electrical discharge
machining (EDM)was used to perforate the tool covers, which enabled
more complex patterns to be transferred to the workpieces, since
research has shown that for some tribological applications the texturing
pattern can inﬂuence tribological performance [6]. Also, the increase in
the electrolyte ﬂow and the use of smaller gaps between the tool and
the workpiece were investigated. Finally, some tribological tests were
carried out to evidence the beneﬁts of MECT for sliding contacts under
starved liquid lubrication.2. Material and methods
The experimental apparatus is shown in Fig. 1. A DC power source
(1) gives the voltage and current needed for electrochemical dissolu-
tion. The negative pole is connected to the tool (2) and the positive pole
connected to the workpiece (3) which will be textured. An electronic
circuit (4) switches the current (pulsed current) that passes across the
electrolytic cell. The pump (5) ﬂushes the electrolyte (6) through the
microholes in the tool cover (7), that circulates in the gap (8) between
the workpiece and the tool.
The electric system to provide pulsed current is composed of a
power supply, a function generator, an oscilloscope, and an electronic
circuit that switches the current in order to produce a square-shapedc
400 µm
1 mm
ashed lines and dots which produced the MECT tool cover in (b); (c) MECT tool cover
inting; and (e) after painting.
Fig. 5. Interferometric maps and line proﬁles of surfaces textured using different gaps.
4 J.G. Parreira et al. / Surface & Coatings Technology 212 (2012) 1–13current. In the electronic circuit, a current switch is fed by a high ca-
pacitance power supply. Themain component of the current switch is a
MOSFET transistor (metal oxide semiconductor ﬁeld effect transistor),
type NTP75N06 from Texas Instruments, which presents high level of
electric tension insulation. In this work, the pulse length was kept
constant as 3.2 ms and the pause time was 18.2 ms.Fig. 6. Scheme of the procedure to measure pocket diThe cathodic toolwas composed of a planar cover containing apattern
of microholes forming one face of a cavity in an insulating nylon block.
The tool cover was an AISI 430 stainless steel plate (Fe, C 0.12 max, Cr
16–18), with a thickness of 0.5 mm. A pattern of holes in the stainless
steel tool cover deﬁned the pattern to be replicated on theworkpiece sur-
face. To prevent current conduction in areas outside the microholes, anameters using top views of the textured surfaces.
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Fig. 7. Effects of the variation of the gap on the dimensions of the pockets: (a) diameter;
(b) depth.
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of holes. The thickness of the insulating ink was measured by laser inter-
ferometer, giving an average value of 10 μm. The holes in the steel coverFig. 8. Interferometric maps and line proﬁles ofwere drilled by die sinking electrical discharge machining (EDM). This
drilling technique enabled fairly complex patterns to be produced,
containing: (a) regularly spaced cylindrical holes (dots), (b) parallel ar-
rays of channels interrupted by cylindrical holes (dashed lines with
dots), and (c) arrays of chevrons, shown schematically in Fig. 2. To pro-
duce the pattern with dots, a tungsten wire with a diameter of 110 μm
was used. To produce the arrays of chevrons, copper sheets with thick-
ness of 100 μm were cut to create individual chevron-like features with
a width of 600 μm. The dashed lines with dots were produced using a
combination of pieces of copper sheets (thickness=100 μm and
length=300 μm) and 110 μm tungsten wires.
Electrolyte was pumped inside the tool and emerged through the
holes in the perforated tool cover (masked cathode), and then escaped
through a thin gap between the masked cathode and the anode (work-
piece) surface, resulting in a regular and symmetrical electrolyte ﬂow.
The electrolyte was a sodium chloride solution at a concentration of
200 g/L. Mirror-ﬁnished (Sq=0.05 μm) AISI 10100 steel (Fe, 0.1%C)
anodic workpieces prepared by conventional metallographic prepara-
tion were used in the texturing tests.
The variables explored during the MECT tests were: (i) voltage;
(ii) machining time, and (iii) separation between the perforated masked
tool cover and the workpiece (gap), obtained through the use of spacers
with different thicknesses. The pump used to force the electrolyte
through the holes and the gap provided higher pressures and ﬂows
than those used in reference [18], where a maximum electrolyte ﬂow of
12 mL/s could be achieved when using a gap of 100 μm and no ﬂow
was detected for gaps smaller than 100 μm. Therefore, in the present
work, smaller gaps could be tested without the occurrence of poor elec-
trolyte ﬂushing. Those testswere carried out using the pattern containing
regularly spaced cylindrical holes (dots).surfaces textured using different voltages.
Fig. 9. Example of an area used for Sq calculation outside the pockets.
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the previous tests (voltage=30 V, gap=100 μm) were carried out to
check pattern transference for the arrays of chevrons and for the
dashed lines with dots. A summary of all the conditions used is
shown in Table 2.
The textured samples were examined with a scanning electron
microscope, and topographic maps of the textured surfaces were
measured with a 3D laser proﬁlometer (UBM Microfocus Expert IV).
The tribological performance of the textured surfaces was evaluat-
ed using reciprocating sliding tests under starved liquid lubrication
conditions. To reproduce starved conditions, very small quantities of
naphthenic oil without anti-wear additives were applied to the0
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Fig. 10. Sq variation outside the pockets due to electrochemical texturing.surface samples using a micropipette. The main characteristics of
the lubricant are summarized in Table 3. AISI 52100 spheres with di-
ameter of 10 mm were used as counterbodies. The tests were carried
out in a tribometer Plint TE 67 using a frequency of 2 Hz and a strokeb
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Fig. 11. Effects of the variation of the voltage on the dimensions of the pockets: (a) diameter;
(b) depth.
Fig. 12. Interferometric maps and line proﬁles of surfaces textured for different total texturing times.
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ratio between the pocket diameters and the contact width. The values
of normal loads and the respective contact widths andmaximum con-
tact pressures are presented in Table 4.
The textured samples used in the tests contained a regular array of
circular dots obtained for a voltage of 30 V, a gap of 100 μm and a tex-
turing time of 10 s. For comparison, the smooth areas between
pockets for a textured sample (Sq=0.590 μm) were tested under
similar conditions and it was called smooth surface. In order to guar-
antee enough area between the pockets to be tested for the smooth
surface, the percentage of textured area was greatly reduced for the
comparison sample. Each test was repeated three times. After the
tests, both sample and counterbody surfaces were examined under
optical and scanning electron microscopes.
Despite the narrow contact widths used in the tests, special care
was taken to ensure that the wear track coincided with textured
areas on the surface, as shown in Fig. 3.
During the tests, friction force was continuously monitored. A high
frequency acquisition system was adapted to the tribometer in order
to allow the acquisition of many points within each stroke using a
specially developed LabVIEW Interface. The distance between mea-
sured points was 10 μm, so that the effect of the surface texturecould be detectable. To facilitate the visualization and interpretation
of the data, a program developed in Matlab generated a triboscopic
map of the variables during the tests, where z is the variable being
measured (friction coefﬁcient), x is the position of the counterbody
within each cycle of test and y is the number of the test cycle.
3. Results and discussion
3.1. Fabrication of the tool covers
Fig. 4‐a shows, as an example, the EDM copper tool used to
produce an array of dashed lines and dots and Fig. 4‐b shows the
corresponding MECT tool cover after drilling by EDM. The dimensions
of microholes produced increased around 60% in relation to the EDM
electrode dimensions. The MECT tool cover produced by EDMwith an
array of chevrons is shown in Fig. 4‐c. In Fig. 4‐d a MECT tool cover
with an array of circular dots produced by EDM is shown. The dots
obtained have an average diameter of 190 μm. The traces obtained
have an average width of 150 μm and a length of 450 μm. The
chevrons obtained have an average width of 150 μm and a length of
800 μm. After machining the MECT tool covers, they were covered
with an insulating paint, as shown in Fig. 4‐e.
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Fig. 13. Effects of the total texturing time on the dimensions of the pockets: (a) diameter;
(b) depth.
Fig. 14. Example of potential measured across the electrolytic cell, voltage=30 V,
gap=100 μm, time=60 s.
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The gap between anode (workpiece) and cathode (tool) is of
fundamental importance for electrochemical texturing, in order to
allow an appropriate current ﬂow. If the gap is large, the ohmic resis-
tance increases, resulting in a current density decrease at a ﬁxed volt-
age. However, if the gap is too small, load loss can reduce signiﬁcantly
the electrolyte ﬂow. In extreme conditions, poor electrolyte ﬂushing
conditions can occur, reducing the efﬁciency of the process and the
quality of the textures obtained, such as observed by Costa and
Hutchings [18].
In this paper, the use of a high load pumping system aimed to
reduce poor ﬂushing conditions when very small gaps were used.
Fig. 5 shows the effect of the variation of the gap on the textures
obtained. For a gap of 500 μm, ohmic resistance in the electrolyte
column probably resulted in low current density, since the electrical
conductivity of the electrolyte is around 1000 times smaller than
that of the metal. Therefore, the pattern in the tool was not properly
transferred to the workpiece. Reducing the gap to values between
250 μm and 50 μm allowed electrochemical dissolution. However, a
gap of 50 μm resulted in poor surface ﬁnish.
Fig. 5 also shows that the measurement of the average pocket
dimensions was difﬁcult due to their sinusoidal shape. To overcome this
difﬁculty, the depth and diameter of the pockets were evaluated from
top views (Fig. 6) of the textured areas, which allowed a better
visualization of the pockets. For diameter measurements, two perpendic-
ularmeasurements (Fig. 6-b and c)were taken from3pockets, so that the
results summarized in Fig. 7-a represent an average of 6 measurements.
Depth measurements, summarized in Fig. 7-b, were inferred from color
scales (Fig. 6-a), and represent an average of three pockets.
Fig. 7 shows that the pocket diameters (a) were not inﬂuenced by
the gap size, except for a gap of 50 μm, in which case the pocket
diameter was larger. For gaps larger than 100 μm, the depth of the
pockets (7-b) reduced signiﬁcantly, corroborating the hypothesis of
stronger polarization due to an increase in the ohmic resistance. All
those observations lead to the conclusion that, for the conditionsused in this work, a gap of 100 μm produced best results. In previous
work, Costa and Hutchings [4] also achieved best efﬁciency for a gap
of 100 μm. However, they believed that they could not use smaller
gaps because their pump could not provide pressure and ﬂow that
could overcome load losses when such small gaps were used, and
therefore electrolyte ﬂow was insufﬁcient. In the present work,
however, a pump with much higher ﬂushing pressure was used,
and still gaps smaller than 100 μm did not produce good results.
Altena [21] suggests that for very small gaps, electrolyte boiling can
occur. Also, turbulence in electrolyte ﬂow can occur as a result of gas
bubbles. He showed that polarization voltage increases signiﬁcantly
for gaps smaller than 150 μm. In this paper, boiling was observed for
the experiments with a gap of 50 μm. Also, the current measured in
the experiment reduced as a function of time in a sequence of pulses.3.3. Effect of the voltage applied between electrodes
Fig. 8 shows the aspects of textures produced using different volt-
ages. Considering the small distance between the pockets and the sinu-
soidal shape observed for the textures obtained, stray currents might
have resulted inmetal dissolution outside the pockets. In order to inves-
tigate this effect, the variation of surface roughness due toMECTwas in-
vestigated. The surface topography of rectangular areas (1.5×3 mm)
was assessed by laser interferometry. After leveling and form removal,
waviness was ﬁltered using a Gaussian ﬁlter and cut-off of 0.25 mm.
After that, RMS 3D surface roughness (Sq) was calculated for three rect-
angular consecutive areas (1.25×2.75 mm) that excluded the pockets,
as shown in Fig. 9. Similarmeasurements were carried out for a smooth
polished surface before MECT. Average results for Sq are presented in
Fig. 10 as a function of the applied voltage. This ﬁgure shows that for
all the voltages used, surface roughness outside the pockets increased
signiﬁcantly. These results corroborate the hypothesis of stray currents
resulting in material removal outside the pockets, reducing copying
accuracy.
Nitrate solutions generally lead to better copying behavior than
chloride solutions [22–24]. The use of NaNO3 solution inMECTwas suc-
cessful in previouswork by Costa andHutchings [18]. The present paper
aimed to extend the use of MECT to chloride solutions, which was
proved to result inworse copying accuracy, as currently stated in the lit-
erature. However, for surface texturing purposes, copying accuracy is
not as relevant as for ECM.
Fig. 15. Variation of effective current through the electrolytic cell with the applied voltage.
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voltages up to 40 V, but increased slightly for 50 V. Between 20 and
30 V there is a sharp increase in the depth (Fig. 11-b) of the pockets,
which then stabilizes.3.4. Effect of processing time
In this paper, pulse duration was kept constant. However, the effect
of the total texturing timewas investigated. Fig. 12 shows thatwhen the
total time is shorter, the ﬁnal surface is smoother and the geometry of
the pockets is more regular. Longer texturing times promoted accumu-
lation of residues and therefore some of the pockets were not properly
machined.
Fig. 13-a shows that for shorter texturing times (up to around 60 s),
the effect of texturing time on the pocket diameterwas negligible. How-
ever, for texturing times above 90 s, the pocket diameters increased, re-
ducing dimensional accuracy of the pockets. Fig. 13-b shows an increase
of pocket depth with the texturing time. The shortest texturing timeFig. 16. Variation of effective current through thused in this paper (10 s) produced pockets with an average depth of
around 12 μm.According to the literature,most applications of textured
surfaces for tribological purposes use features with depth between 2–3
to 10–15 μm [5–7]. Therefore, short texturing times, up to 10 s, should
be used for those applications.3.5. Current density measurements
The effective current ﬂowing through the electrolytic cell (I) was
measured for each test, by measuring the voltage across a known
low-resistance resistor (8 Ω) in serieswith the cellwith anoscilloscope,
as exempliﬁed in Fig. 14. Threemeasurementswere carried out for each
condition.
This ﬁgure shows that the pulses were square-topped and fairly
stable throughout the tests. To obtain the current density (i), I was
divided by the area of all holes in the MECT tool cover.
Fig. 15 shows the calculated values of effective current density for
each applied voltage for a gap of 100 μm, evidencing an approximatelye electrolytic cell with the machining time.
Fig. 17. Interferometric maps of different patterns produced by MECT: (a) circular
pockets; (b) trace-dots; (c) chevrons.
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the current density ﬂowing through the electrolytic cell reduces. The
large variation of surface roughness outside the pockets shown previ-
ously in Fig. 10 suggests strong stray currents, which associated with
the use of a non-passivating electrolyte could be increasing consider-
ably the gap during the experiments.
3.6. Production of different texturing patterns
Different patterns could be transferred to the workpieces, as shown
by laser interferometers in Fig. 17. However, when the pattern con-
tained features with sharp edges, they became rounded, as shown forthe pattern containing trace-dots (Fig. 17-b) and for the pattern con-
taining chevrons (Fig. 17-c).
3.7. Tribological evaluation of textured surfaces
Average friction coefﬁcients are summarized in Fig. 18 for all the
normal loads for both textured and smooth surfaces. The values
presented were ﬁrst averaged within each test and then averaged
again for the three tests for each condition, as shown in Table 5.
Fig. 18 shows slightly lower friction coefﬁcients for the textured
samples for all conditions tested. However, the scattering of the
results is very large and therefore the differences observed are not
signiﬁcant.
On the other hand, when the triboscopic maps for the friction
coefﬁcients are considered (Fig. 19), the differences between smooth
and textured surfaces are better evidenced. It is important to point out
that despite the large scattering of the friction results, friction
triboscopic maps were very similar between the three tests for each
condition, showing that the scattering was due to variations of the fric-
tion coefﬁcients within each test and not between the different tests. In
order to demonstrate repeatability of the tests, the triboscopic maps for
two tests under a load of 2.94 are shown for both textured (a and c) and
smooth surfaces (b and d).
The approach used in this paper allowed a good visualization of the
friction coefﬁcient as a function of the number of the cycles and of the
position within each individual stroke. They show a good similarity
for friction coefﬁcient maps between different tests. Also, in these
maps, some peaks can be observed for the friction coefﬁcients. This sug-
gests that for the starved lubrication regime used in this work, the lubri-
cation failed at some points of the surface, probably due to inability of
the lubricant to reﬁll the inlet after each pass. At the regions where
the lubricant was present, friction coefﬁcient was lower, justifying the
large variation of friction coefﬁcient values within each test. However,
for the textured samples, under all the loads tested, the peaks were
much less frequent. This results support the hypothesis of the lubricant
within the texture pockets reﬁlling the inlet under starved lubrication
conditions.
For the highest (51.94 N), the friction coefﬁcient was substantially
larger at the ends of each stroke both for textured and smooth samples.
This might suggest that at those locations, where the speed is virtually
zero, combinedwith the high contact pressures and the starved lubrica-
tion conditions, lubrication failure was more signiﬁcant. On the other
hand, at the regions distant from the ends of the stroke, the presence
of friction peaks was much less frequent for the textured sample,
Table 5
Means and standard deviations (SD) for each test; S = smooth sample; T = textured sample; T1 = test 1; T2 = test 2; T3 = Test 3.
2.94 N 12.74 N 51.94 N
Mean SD Mean SD Mean SD
S T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3
0.052 0.058 0.063 0.036 0.038 0.039 0.059 0.059 0.059 0.0325 0.0304 0.041 0.052 0.050 0.053 0.015 0.015 0.017
0.058 0.038 0.059 0.035 0.052 0.016
T T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3
0.056 0.049 0.048 0.035 0.034 0.033 0.050 0.053 0.051 0.019 0.028 0.019 0.045 0.045 0.049 0.011 0.012 0.013
0.051 0.034 0.051 0.022 0.046 0.012
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expected to be more severe. It is believed that under these conditions
the lubricant within the pockets is replenishing the contact inlet byFig. 19. Triboscopic maps for textured and smooth surfaces: (a) 2.94 N, textured; test 1; (b) 2
smooth; (f) 51.94 N, smooth.surface tension more efﬁciently, reducing friction coefﬁcient around
the pockets. It must be also emphasized that for the highest normal
load, contact width is larger and therefore the effect of surface texturing.94 N, smooth; test 1; (c) 2.94 N, textured; test 2; (d) 2.94 N, smooth, test 2; (e) 51.94 N,
Fig. 20. SEM micrographs of wear tracks; BSE; (a) smooth, 2.94 N; (b) textured, 2.94 N; (c) smooth, 51.94 N; (d) textured, 51.94 N.
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more pronounced.
Fig. 20 shows examples of typical SEM images of the wear scars.
They clearly indicate that the wear scars became less wide for the
textured surfaces, when compared with the smooth surfaces. This
again suggests that despite the small difference in the average friction
coefﬁcients between textured and smooth surfaces, the pockets did
have a beneﬁcial effect to provide lubricant within the contact inlet
under starved lubrication conditions, reducing wear.
Weight loss measurements of the spherical counterbodies did not
indicate wear loss. Also, wear scars could not be detected by either op-
tical or scanning electronmicroscopy. This probably occurred due to the
high hardness of the counterbodies.
4. Conclusions
This paper presents some important improvements in the maskless
electrochemical texturing (MECT) technique.
EDMwas efﬁcient to produce a vast range of pattern ofmicroholes in
the tool cover, improving the ﬂexibility of MECT in terms of texturing
patterns.
The gap size could not be reduced below100 μm,despite the use of a
pump that could provide high pressure and ﬂow. This probably
occurred to electrolyte boiling.
When the total texturing time was increased, the depth of the
pockets increased, but also their diameter, reducing dimensional accu-
racy. When very large texturing times were used, the textures became
less regular.Reciprocating sliding tests under starved liquid lubrication showed
that average friction coefﬁcientwere not signiﬁcantly different between
textured and smooth samples. However, triboscopic maps for the fric-
tion coefﬁcient showed a tendency for lower friction for the textured
surfaces, suggesting improved lubrication. Also, wear scars were less
wide for the textured surfaces.
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